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Abstract: The majority of general aviation (GA) accidents involving adverse weather result in fatali-
ties. Considering the high weather-related fatality rate among GA flight operations, it is imperative to
ensure that GA pilots of all experience levels can incorporate available weather information into their
flight planning. In the past decade, weather product development has incorporated increasing levels
of automation, which has led to the generation of high-resolution, model-based aviation displays
such as graphical turbulence guidance and current icing potential, which rival the resolution of radar
and satellite imagery. This is in stark contrast to the traditional polygonal-based displays of aviation
weather hazards (G-AIRMETs and SIGMETs). It is important to investigate the effects of these
changes on the end user. Therefore, the purpose of this study was to compare the interpretability
of weather products for two areas of interest: display type (traditional polygons vs. model-based
imagery) and type of weather phenomena (ceiling/visibility, turbulence, and icing), across a range of
pilot experience levels. Two hundred and four participants completed a series of weather product
interpretation questions. The results indicated significant effects of product display type, as well as
significant effects of weather phenomena and pilot experience on product interpretation. Further
investigation is needed to assess possible extraneous variables.
Keywords: general aviation; human factors; aviation weather
1. Introduction
In the aviation community, general aviation (GA) operations are the most suscep-
tible to weather-related aviation accidents. In fact, between 2000 and 2011 the National
Transportation Safety Board (NTSB) identified 19,441 GA accidents, of which 29% were
weather related [1]. Additionally, the NTSB identified 159 GA accidents between 2014 and
2018, as weather related [2]. The NTSB findings also indicate that GA accidents involving
adverse weather have a high probability of resulting in fatalities [2]. Factors that contribute
to the high fatality rate include the nature of GA operations, such as low altitude flights
and single-engine flights, and GA pilots’ limited experience interpreting weather informa-
tion [3]. In terms of the types of weather phenomena in which GA accidents occur, the NTSB
reported that adverse winds, ceiling/visibility, density altitude, icing, and thunderstorms
were among the top causal conditions [2,4,5]. While GA pilots have a variety of weather
products available to use for flight planning, rapidly changing technology has been produc-
ing a continual influx of weather products that pilots may or may not interpret correctly.
To add to the complexity, new weather products may include unfamiliar graphics, overlaid
displays, or products generated entirely by automation without a meteorologist/human-
in-the-loop [6]. Finally, pilots with varying levels of flight experience rely on the same
products to plan and carry out their flights. Given the high GA weather-related accident
rates, the influx of new, complex technology, and the varying experience levels among
GA pilots, consideration should be given to the interpretability/usability of new weather
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products. Thus, the current study compares the interpretability of weather products with
respect to type of display, type of weather phenomena, and GA pilot experience level.
1.1. GA Weather Product/Displays
Information on weather phenomena (e.g., winds, ceiling/visibility, density altitude,
icing, thunderstorms, low ceiling) are presented to pilots via weather products. The Fed-
eral Aviation Administration (FAA) categorizes weather products into three groups, i.e.,
observations, analyses, and forecasts [6]. Observation products collect current weather in-
formation from one or more sensors (e.g., Satellite and METARs (meteorological aerodrome
reports) and Terminal Doppler Weather Radar). Analysis products are enhanced depictions
or interpretations of observation data (e.g., Ceiling and Visibility Analysis (CVA) and
Surface Analysis Charts). Forecast products use numerical model guidance and forecaster
experience to predict future weather conditions (e.g., Significant Meteorological Infor-
mation (SIGMET), Graphical Airmen’s Meteorological Information (G-AIRMET), Center
Weather Advisory (CWA), and Graphical Forecast for Aviation (GFA)).
Aviation weather hazard products/displays have traditionally been created using
polygons to identify the horizontal extent of the hazard, while information boxes indicate
the vertical extent (e.g., G-AIRMETs and SIGMETs). These products are generated with
input from a meteorologist/human-in-the-loop (HITL). More recently, products, which
stem from high-resolution model output (e.g., Current Icing Product and Forecast Icing
Potential (CIP/FIP) and Graphical Turbulence Guidance (GTG)), have allowed for the
development of “image-like” products, similar to satellite and radar imagery [7]. These
types of products will be referred to as “model-based imagery” or simply “imagery”
throughout the remainder of the paper. These products are automated and display hazards
using a variety of color shades to indicate varying levels of intensity. The vertical extent
is typically displayed by allowing the user to select a specific altitude (or flight level) or
by showing the maximum intensity regardless of altitude, while the intensity is displayed
using a color-bar legend [6].
While pilots consider weather information during two time periods, i.e., preflight
(before takeoff) and inflight (during flight operations), the emphasis of this paper is pilots’
preflight weather planning. During the preflight planning process, a pilot can obtain
weather information using a Flight Service Station (FSS) call-in service, various commercial
mobile applications such as Foreflight [8], or internet sites such as the National Oceanic
and Atmospheric Administration and National Weather Service Aviation Weather Center
website (hereafter referred to as the “AWC website”) [9]. A subset of weather products
available on the AWC website are the focus of this paper.
1.2. Weather Phenomena
Although there is a wide array of weather phenomena that can be hazardous to GA
flight [10], this paper examines ceiling and visibility, turbulence, and icing.
1.2.1. Ceiling and Visibility
Ceiling and visibility are vital aspects of flight operations that help determine whether
flight conditions are classified as visual flight rules (VFR) or instrument flight rules (IFR).
VFR during instrument meteorological conditions (IMC) account for more than 62 percent
of all GA weather-related accidents and nearly 67 percent of all GA weather related
fatalities [2]. Ceiling represents a vertical measure of the height of the base of the lowest
layer of broken (i.e., five-eighths to seven-eighths of the sky is covered by clouds) or
overcast (i.e., all of the sky cover is covered by clouds) cloud cover [6]. Cloud heights are
reported in feet above ground level (AGL). Visibility represents the greatest horizontal
distance that “prominent objects can be viewed with the naked eye” [6]. Minimum ceiling
and visibility requirements for VFR operations vary by airspace classification. Operating
in conditions that violate these minimums can place pilots in situations where they may be
unable to see and avoid aircraft, terrain, or other obstructions. Aviation weather products
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that display visibility include the Ceiling and Visibility Analysis (CVA) and G-AIRMET
Sierra. It should be noted that since the time of this research, the AWC discontinued CVA
and replaced it with a different product based on the Localized Model Output Statics
Model Program (LAMP). However, since the display formats of both products are very
similar, the impact on product interpretability remains unchanged.
Consider the CVA product shown in Figure 1 [11], which was developed by the Na-
tional Center for Atmospheric Research (NCAR), the CVA aids pilots’ situational awareness
by providing a quick-glance visualization of current ceiling and visibility conditions in
their area and along their route of flight. Information on the CVA is automatically gener-
ated based upon data gathered from approximately 1650 meteorological aerodrome report
(METAR) sites across the United States [6]. CVA derives potential ceiling and visibility
conditions for areas between METAR stations. However, because of the variability of
weather systems, conditions present on the CVA may not represent actual conditions in
any given area. The base for the display of the CVA is a map of the United States with
overlaying dots representing significant airports. The color of each dot corresponds to the
flight category of the weather present on that airport’s METAR [11,12] (pp. 526–532).
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1.2.2. Turbulence
Turbulence is defined as the irregular motion of an aircraft in flight especially when
characterized by rapid up-and-down motions caused by rapid variation of atmospheric
wind velocities [13]. Between 2014 and 2018, turbulence contributed to ten GA accidents,
resulting in four fatalities [2]. Turbulence differs in type (e.g., clear air turbulence, mountain
wave turbulence, convectively induced turbulence, or mechanical turbulence) as well as
severity (light, moderate, severe, or extreme) [6,14]. Light turbulence entails air movements
that result in slight momentary erratic changes in altitude or attitude. Extreme turbulence
produces forces capable of causing structural damage to large commercial airlin rs. Pi-
lot reports (PIREPs) of evere-or-gr ater turbulence encounters average approximately
5500 per year [15] (pp. 268–287). Examples of weather products that display turbulence are
the more traditional G-AIRMET Tango and the automated Graphical Turbulence Guidance
(Figure 2 [16]).
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Figure 2. Graphical Turbulence Guidance [16].
The Graphical Turbulence Guidance (GTG) is an automated weather product for
forecasting mid- and upper-level turbulence. The GTG employs an ensemble average of
multiple turbulence diagnostics to arrive at an optimum combination, which can, then,
be applied to a numerical model, such as the Rapid Refresh Model (RAP) [17]. Turbulent
intensity, measured in eddy dissipation rate (EDR), is indicated by a color bar, while the
impact on the aircraft is determined by selecting the aircraft type (light, moderate, or
heavy) [6,16]. At the time of the research, the type of aircraft was not a selectable parameter.
1.2.3. Icing
Icing commonly occurs when aircraft are operating at an altitude above the freezing
level in the presence of visible moisture. Buildup of ice on an aircraft’s wings can result in
a loss of lift, making it difficult to maintain attitude. Icing is particularly hazardous to GA
pilots because they often operate small aircraft with no anti-icing or de-icing capabilities.
Icing caused fifteen GA accidents between 2014 and 2020, resulting in five fatalities [2].
Examples of weather products that display icing information are the Current Icing Product
and Forecast Icing Potential (CIP/FIP), shown in Figure 3 [18]. The CIP/FIP is a weather
product designed for forecasting and diagnosing icing conditions. The CIP/FIP combines
satellite, radar, surface, lightning, and PIREPs with a numerical model to create an hourly
forecast of the potential for icing and supercooled large droplets (SLD, droplet diameters
higher than 50 µm) [19].
Finally, G-AIRMETs are HITL issued by the Aviation Weather Center (AWC) every 6 h
and updated and amended as necessary. G-AIRMETs take the three traditional AIRMETs
(Sierra, Tango, and Zulu) and further break them up into eight separate weather hazards
(ceiling and visibility, mountain obscuration, turbulence high, turbulence low, low-level
wind shear (LLWS), surface winds (SW), icing, and freezing level) [6,19] (e.g., G-AIRMET
Sierra, Figure 4). With the exception of freezing level, all G-AIRMETs use polygons with
information boxes to identify the hazards. The freezing level chart uses isopleths of constant
freezing level and polygons to indicate regions with multiple freezing levels [6,19].
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Figure 3. Current Icing Product and Forecast Icing Potential (CIP/FIP) [18].
Within the three weather phenomena (visibility, turbulence, and icing) and the six
weather products under inspection (CVA, CIP/FIP, GTG, G-AIRMET Tango, G-AIRMET
Sierra, and G-AIRMET Zulu) automation method (human-in-the-loop or automation), is a
key difference that may have implications for end users. Thus, it is important to consider
how the level of automation impacts interpretability by GA pilots.
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1.3. Automation
Automation is defined as “a device or system that accomplishes (partially or fully)
a function that was previously, or conceivably could be, carried out (partially or fully)
by a human operator” [21] (pp. 286–297). In complex situations, the use of automation
can be paired with a human controller which results in a “human–automation” system.
Traditionally, the development of weather products (e.g., G-AIRMETs) relied on a human-
automation system, which involved a meteorologist interpreting raw weather data collected
by automated systems. However, newer weather products (e.g., CVA, GTG, and CIP/FIP)
now employ a fully automated weather interpretation process that requires a HITL meteo-
rologist [6]. Many benefits of the automated approach exist. These include lowering the
workload of meteorologists, increasing the efficiency of data processing, and significantly
reducing the time required to generate updated weather products [22] (pp. 43–60). This
enables more frequent iterations of weather products while decreasing the cost of product
generation.
Despite the benefits of automation, relying on automation alone presents its own
challenges. Automated systems are limited by the particular sensitivity, accuracy, and
range of their sensory system [22] (pp. 43–60). For example, as previously mentioned, the
CVA generates information automatically using data gathered from approximately 1650
meteorological aerodrome report (METAR) sites across the United States [6]. However,
METARs only provide information about weather conditions within the area of an airport.
The CVA extrapolates data from surrounding airports to derive potential ceiling and
visibility conditions for areas between METAR stations, and, as the distance between
METAR stations increase, the accuracy of the CVA diminishes. If a pilot is unaware of
this limitation, they may make an incorrect assessment about the flight conditions they
could encounter. In the event that the actual weather did not match a pilot’s expectations
based on the weather product, the flight could be at risk, and the mismatch may have an
additional effect of negative feedback to the pilot(s). Negative feedback from an automated
system can erode the pilot’s trust in the system [23] (pp. 399–407). Even more concerning
is that research indicates if one aid (e.g., weather product) is unreliable it lowers the users
trust of all the aids in the system overall [24,25] (pp. 230–253, 114–128).
1.4. Experience
In addition to weather phenomenon and the automation underlying the products,
another important consideration is a pilot’s experience level in interpreting weather infor-
mation. The majority of weather-related accidents in aviation occur among pilots holding
a private pilot’s license without an instrument rating [4,10]. These pilots are certified to
fly only under visual flight rules during times of fair weather and good visibility. Private
pilots have relatively limited operational weather experience as compared with pilots who
have obtained an instrument rating, and therefore are authorized to fly in weather systems
that limit visibility.
Some research has shown that pilots with more operational weather experience exhibit
improved weather-related decision making and skill acquisition [5]. This research aligns
with the cognitive psychology research that describes the process of skill acquisition as an
operator’s progression from novice to intermediate, and finally expert [26,27]. As operators
(in this case GA pilots) progress from novice to experts, they accumulate weather-related
experiences including interpreting weather products and inflight weather experiences.
These accumulated experiences should improve their skills to effectively plan and, in turn,
avoid hazardous weather during flight. For example, during preflight weather planning,
pilots must obtain information from several weather products to gain a holistic view of
the current weather conditions and how the weather might develop during the flight. It is
likely that pilots with greater flight experience can more easily interpret weather products
and understand the implications for flight.
In terms of research evidence, the results are mixed. Rockwell and McCoy [28] found
that pilots with high levels of experience were more efficient at evaluating weather-related
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information than individuals with little to no experience. Wiggins et al., [29] (pp. 162–167)
found that pilots with more weather experience were able to identify necessary information
and integrate that information more effectively than pilots with less weather experience.
Other weather research has found little to no correlation between flight hours and aviation
weather knowledge [30]. In the domain of aviation, experience is typically measured either
by a pilot’s cumulative time spent operating an aircraft (flight hours) or by the certifications
(private and commercial) and ratings (instrument) earned by the pilot. However, with each
certification or rating acquired, a pilot must complete a practical and written examination to
demonstrate they have acquired a more advanced skill set and knowledge base. Therefore,
level of certification and rating may be a more appropriate means of gauging a pilot’s
weather experience level. Overall, questions remain regarding the degree to which GA
pilot experience level correlates with understanding weather information.
1.5. Purpose
The GA community has been the population most susceptible to weather-related
aviation accidents. Gultepe et al. [5] provided an overall summary of weather parameters
and their adverse impact related to aviation meteorology, which included adverse winds,
ceiling/visibility, density altitude, icing, and thunderstorms. As the weather products that
convey these conditions evolve, proper investigation of the effects of these product changes
should be investigated. Currently, no research exists regarding interpretability of weather
products that are generated entirely via automation without a meteorologist in the loop as
compared with that of traditional products. Furthermore, it is also important to consider
how the effectiveness of these products may differ depending on the experience level of
the pilots using the products and/or the weather phenomenon the products are depicting.
Therefore, the purpose of this study was to compare the interpretability of weather products
for two areas of interest, i.e., type of visualization/display (traditional HITL polygons vs.
model-based imagery) and type of weather phenomena (ceiling/visibility, turbulence, and
ice), across a range of pilot experience levels.
2. Materials and Method
2.1. Data
Data was originally collected as part of a larger dataset in Blickensderfer et al. [30].
2.2. Participants
Recruitment of participants for this study (number of participants (n) = 204) occurred
in the following two locations: a university in the southeastern United States (U.S.) and
a midwestern U.S. airshow hosted by the Experimental Aircraft Association (EAA). The
age of participants ranged from 18 to 66 (mean age (M age) = 22.50, standard deviation
(SD) = 7.60). Participants were grouped based on their highest certification/rating achieved.
All pilots fell within one of the following four groups: student (n = 41, M flight hours = 38.37,
SD = 30.83, median = 35); private (n = 72, M flight hours = 128.77, SD = 118.50, median = 105);
private with instrument (n = 50, M flight hours = 211.46, SD = 196.68, median = 172); and
commercial with instrument (n = 41, M flight hours = 479.87, SD = 1015.22, median = 260). No
commercial pilot without an instrument rating took part in the study. The study obtained
approval from the Embry-Riddle Aeronautical Institutional Review Board prior to data
collection. All participating pilots signed an informed consent form before taking part in
the study. Each pilot at the university received $20 in base compensation for participating
in the study. An additional $0.31 was provided for each correctly answered question.
Researchers provided each participating pilot at the air show with a $100 gift card.
2.3. Measures
Participants were asked to complete a demographic questionnaire and the Aviation
Weather Product Test [31] for this study. The demographic questionnaire contained 33 items
and was administered through an online survey website (surveymonkey.com). The purpose
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of the demographic questionnaire was to obtain general information about the participants.
This ranged from basic information (e.g., age and gender) to aviation specific information
such as flight (e.g., flight training and flight hours) and meteorology experience and
meteorological training (e.g., where did they receive weather training and how frequently
they used aviation weather products).
The Aviation Weather Product Test contains 95 questions designed to evaluate a pilot’s
ability to interpret aviation weather products used during preflight planning. Questions on
both textual and graphical products hosted on the AWC website are included. As shown in
Figures 5 and 6 [31], all questions are multiple choice and contain 2 or 4 answer choices (a,
b or a, b, c, d) per question. Each question contains only one correct answer. Test questions
focus on the application of weather information. In order to ensure a high level of cognitive
fidelity, the test required respondents to interpret the weather products just as they would
during actual flight planning.
Figure 5. Example of a Graphical Turbulence Guidance (GTG) interpretation question [31].
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Product Interpretation Score
Fourteen of the original 95 multiple-choice questions were selected for the analysis
in this paper. The weather products examined in this paper are classified as either model-
based imagery or HITL polygons and provide i formation to pilots on one of thr e types of
weather phenomena (ceiling/vi ibility, turbule ce, or ici g) (see Table 1). Each respective
question asked pilots to interpret one of the weather products listed in Table 1 (CVA, GTG,
CIP/FIP, G-AIRMET Sierra, G-AIRMET Tango, r G-AIRMET Ice). A percentage correct
score was calculated in each category fo each participant.
Table 1. Description of products in this paper.
Product Weather Phenomena Model-Based Imagery orHITLPolygons Number of Questions
Ceiling and Visibility Analysis (CVA) Fligh category of weather presentat an airport (ceiling and visibility) Imagery 2
Graphical Turbulence Guidance (GTG) Mid- and upper-level turbulence Imagery 2
Current Icing Product (CIP) and Forecast Icing
Product (FIP)
Icing and supercooled large
droplets (SLD) Imagery 4
Graphical Airman Meteorological Advisories
Sierra (G-AIRMET Sierra)
Ceiling and visibility, mountain
obscuration, Polygons 1
Graphical Airman Meteorological Advisories
Tango (G-AIRMET Tango)
Turbulence high, turbulence low,
low-level wind shear (LLWS),
surface winds (SW),
Polygons 2
Graphical Airman Meteorological Advisories
Ice (G-AIRMET Ice) Icing and freezing level Polygons 2
2.4. Procedure
Upon arriving at the study location, each participant was briefed on the study. Then,
participants were given an informed consent form and asked to review the document. After
the participant signed the informed consent form, individuals participating at the university
were asked to sit at a desktop computer and complete the demographic questionnaire
followed by the Aviation Weather Product Test. Participants recruited from the airshow
completed the demographic questionnaire online, on their own personal devices. Then,
airshow participants were provided a hardcopy of the Aviation Weather Test and asked
to log their answer on the paper score sheet provided. No time restriction was placed on
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any participant. After completing the Aviation Weather Product Test, participants were
debriefed, scores were calculated, and compensation was provided to the participants.
2.5. Data Analysis
To assess the differences in product interpretability across pilot experience levels,
weather phenomenon type, and display type, a series of analyses were conducted using
IBM SPSS Statistic (Version 24) [32].
3. Results
The descriptive statistics are shown in Tables 2–5. A 4 × 3 × 2 mixed (between-
within) analysis of variance was conducted to evaluate the impact of pilot certificate or
rating (student, private, private with instrument, commercial with instrument), weather
phenomena (turbulence, visibility, and icing) and display type (imagery or HITL polygon)
on participants’ product interpretation scores. Twenty-seven univariate outliers were
identified by inspection of a boxplot. The outliers were kept in the analysis because they
did not materially affect the results, as assessed by a comparison of the results with and
without the outliers. A Shapiro–Wilk’s test for normality indicated interpretation scores
were not normally distributed (p < 0.05). Additionally, the Levene’s test of homogeneity of
variance revealed the assumption of homogeneity of variances was violated (p < 0.001).
Table 2. Means and standard deviations of scores on the Aviation Weather Product Test (flight certificate/rating by weather
type by display type).
Flight Certificate/Rating













Student 45.53 (33.13) 56.10 (50.24) 42.68 (38.01) 68.29 (31.14) 54.88 (41.54) 28.05 (21.06)
Private 51.64 (30.2) 63.38 (48.52) 47.18 (29.14) 75.35 (30.32) 57.04 (39.00) 29.93 (20.97)
Private w/Instrument 60.00 (28.57) 80.00 (40.41) 49.00 (29.43) 70.00 (33.50) 69.00 (34.83) 34.50 (23.63)
Commercial w/Instrument 56.10 (30.22) 73.17 (44.86) 51.22 (23.68) 75.61 (29.84) 64.63 (32.10) 40.85 (23.56)
Total 53.37 (30.64) 67.98 (46.77) 47.54 (30.16) 72.66 (31.13) 61.08 (37.40) 32.88 (22.51)
Table 3. Means and standard deviations of scores on the Aviation Weather Product Test (flight certificate/rating by
weather type).







Student 54.63 (24.50) 55.28 (36.22) 32.93 (16.02) 47.65 (13.6)
Private 61.13 (23.39) 59.15 (33.90) 35.68 (16.00) 56.62 (15.67)
Private w/instrument 64.00 (24.58) 72.67 (28.32) 39.33 (16.41) 61.77 (12.93)
Commercial w/instrument 63.90 (25.38) 67.48 (28.37) 44.31 (16.08) 65.62 (14.50)
Total 61.18 (24.37) 63.40 (32.42) 37.77 (16.49) 57.88 (15.54)
Table 4. Means and standard deviations of scores on the Aviation Weather Product Test (display type by flight certifi-
cate/rating).











Traditional/polygon 46.34 (21.51) 51.23 (21.67) 58.25 (19.33) 61.59 (23.12) 54.06 (21.94)
Automated/model-based imagery 44.82 (16.53) 48.06 (19.55) 52.00 (21.33) 55.49 (19.57) 49.88 (19.66)
Total 47.65 (13.61) 55.70 (14.88) 61.79 (12.93) 65.62 (14.50) 57.88 (15.54)
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Table 5. Means and standard deviations of scores on the Aviation Weather Product Test (weather
type by display type).





Turbulence 53.36 (30.64) 72.66 (31.13) 61.18 (24.37)
Visibility 67.98 (46.77) 61.08 (37.40) 63.40 (32.42)
Icing 47.54 (30.16) 32.88 (22.51) 37.77 (16.49)
Total 54.06 (21.94) 49.88 (19.66) 57.88 (15.54)
When assessing the three-way interaction effect, the Mauchly’s test of sphericity
revealed the assumption of sphericity was met χ2(2) = 4.95, p = 0.084; the results indicated
that there was not a statistically significant three-way interaction between pilot certificate
or rating, weather type, and display type, Greenhouse–Geisser = 5.86, F(6, 398) = 0.48,
p = 0.82, partial η2 = 0.007. Consequently, these results indicate that there is not a combined
effect of pilot certificate or rating, weather type, and display type.
There was not a significant two-way interaction between experience and weather type
F(2, 398) = 1.33, p = 0.248 or experience and display type F(2, 398) = 0.67, p = 0.57 (see
Tables 3 and 4).
However, there was a statistically significant two-way interaction between weather
type and display type on interpretation score, F(2, 398) = 31.03, p < 0.001, partial η2 = 0.14
(see Table 5). Therefore, 14% of variance in the interpretation score can be accounted
for by the combined effect of weather type and display type. There were no statistically
significant simple effects of weather type and display type on visibility weather product
questions, F(1, 203) = 3.789, p = 0.053. However, the results indicated there was a statis-
tically significant simple effect of weather type and display type on turbulence weather
product questions (F(1, 203) = 51.77, p < 0.001) and icing weather product questions,
(F(1, 202) = 26.23, p < 0.001). This indicates that participants scored higher on model-based
imagery turbulence products than HITL traditional polygon products, while scoring lower
on model-based imagery icing products than HITL traditional polygon weather products
(see Table 5).
Further analysis revealed, there was a significant main effect of pilot certificate and
rating on the interpretation score, F(3, 199) = 3.73, p = 0.012, partial η2 = 0.05. Consequently,
5% of variance in the interpretation score can be accounted for by pilot certificate and
rating. Post hoc analyses revealed that student (M = 47.65, SD = 13.61) pilots’ interpretation
scores were significantly lower than private instrument rated pilots (M = 61.77, SD = 12.93,
p = 0.03) and commercial instrument rated pilots (M = 65.62, SD = 14.50, p = 0.05).
Additionally, there was a significant main effect of weather type on the interpretation
score, F(2, 398) = 77.48, p < 0.001, partial η2 = 0.28. Thus, 28% of variance in the interpre-
tation score can be accounted for by weather type. Post hoc analyses revealed that pilots
scored significantly higher on turbulence (M = 61.18, SD = 24.37, p < 0.001) and visibility
interpretation questions (M = 63.40, SD = 32.42, p < 0.001) than on icing interpretation
questions (M = 37.77, SD = 16.49).
Conversely, there was not a significant main effect of display type on the interpretation
score, F(1, 199) = 117, p = 0.73, partial η2 = 0.001.
For post hoc analyses, we conducted a series of paired samples t-tests to compare prod-
uct interpretation score differences between the following traditional polygon products:
G-AIRMET Ice, G-AIRMET Sierra, and G-AIRMET Tango. A boxplot inspection revealed
seven outliers, but as all outliers did not materially affect results, all were retained in the
analysis. Normal Q-Q plot results indicated all comparison differences were normally
distributed. Three paired samples t-tests were run with the Bonferoni adjusted alpha level
of 0.008, and results indicated participants scored statistically significantly higher on G-
AIRMET Sierra (M = 67.98, SD = 46.77) than G-AIRMET Tango ((M = 53.36 and SD = 30.64),
14.71, 95% CI 7.914 and 21.50, t(203) = 4.27, p < 0.001, d = 0.299), and G-AIRMET Ice
((M = 47.54 and SD = 30.16), 20.59, 95% CI 13.54, 27.63, t(203) = 5.76, p < 0.001, d = 0.403)
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product interpretation questions. However, there was no significant difference in score
between G-AIRMET Tango and G-AIRMET Ice, 5.89, 95% CI 0.28 and 11.48, t(203) = 2.07,
p = 0.039, d = 0.007.
A final series of post hoc paired samples t-tests compared product interpretation score
differences among the following model-based imagery products: GTG, CVA, and CIP/FIP.
The boxplot inspection revealed no outliers, and normal Q-Q plot results indicated all
comparison differences were normally distributed. Three paired samples t-tests were
run with the adjusted alpha level of 0.0083, and results indicated participants scored
statistically significantly higher on GTG (M = 72.66 and SD = 31.13) than CVA ((M = 61.08
and SD = 37.40), 11.76, 95% CI 6.40 and 17.13, t(203) = 4.32, p < 0.001, d = 0.303) and
CIP/FIP ((M = 32.88 and SD = 22.51), 39.78, 95% CI 34.95 and 44.60, t(202) = 16.25, p < 0.001,
d = 1.141) product interpretation. Participants also scored statistically significantly higher
on CVA than on CIP/FIP (28.20, 95% CI 22.50 and 33.90, t(202) = 9.75, p < 0.001, d = 0.684).
4. Discussion
For decades, weather accidents have been a major concern in the GA community.
Recent research indicates that GA pilots have difficulty interpreting weather products that
are imperative for flight planning and decision making [33]. Considering the complexity
of weather products and theory, this finding is not particularly surprising. Adding to the
complexity is the availability of new, automatically generated products. Therefore, it is
important to examine the effect that evolving product display types have on the end users
(in this study, the GA pilots).
When assessing display interpretation scores by weather type, the results indicated
that weather type had a significant effect on interpretation scores. Overall, participants
scored lower on icing product interpretation questions than on visibility and turbulence
interpretation questions. However, this pattern of results changed depending on whether
or not the products used traditional polygons versus the newer numerical model-based
images to identify hazard areas. That is, for traditional products, participants scored higher
on visibility (G-Airmet Sierra) than turbulence (G-Airmet Tango) and icing (G-Airmet
Ice), and participants scored similarly on turbulence and icing. In contrast, among the
automated model-based image products, interpretation scores were highest on turbulence
(GTG), followed by visibility (CVA), and icing (CIP/FIP), respectively. The model-based
image product results are particularly interesting, considering that ceiling and visibility
phenomena are associated with the majority of weather-related GA accidents [9].
Looking further at the effects of product display type, the results revealed that al-
though there was no significant effect of display type (model images vs. traditional poly-
gons) overall on interpretation score (indicating that the pilots interpreted the traditional
and the model-based images with about the same level of accuracy), again, the combined
effect of weather product type and type of display changed things. The combined effect
was found in icing and turbulence type products, where participants scored higher on
the model-based turbulence product (GTG) than the traditional polygon-based weather
product (G-AIRMET Tango), but lower on the model-based images of icing (CIP/FIP) than
on the traditional polygon-based icing product (G-AIRMET Ice). These results suggest
that employing model-based images when generating weather products has mixed results.
While employing model-based images may result in easier product interpretation in one
application (turbulence), it may have no significant impact in another application (visibil-
ity), and model-based images may make interpretation more difficult in another context
(icing).
Results from this study indicate that pilot experience, in terms of certificate/rating,
had a significant effect on weather product interpretation scores, with student pilots scoring
significantly lower than private with instrument and commercial with instrument rated
pilots. In other words, the capability for private pilots without instrument ratings to
interpret these weather products was at a level similar to student pilots. Furthermore, the
results indicate that the weather products in this study are the least effective for the very
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pilots who can only fly VFR (i.e., low hour, private pilots without instrument). Conceivably,
private pilots may not show substantial increases in their knowledge of weather topics
and products before earning an instrument rating and beyond. These results may provide
some insight into the GA weather accident rate, where the primary demographic is non-
instrument rated private pilots [2].
Another study [31] examined weather product interpretability using a sample of GA
pilots with higher flight hours as compared with the pilots in the current study. Although
the interpretation scores for those weather products appear slightly higher than the current
study, the interpretation scores are still moderate at best. Taken together, while a pilot
may have acquired substantial aviation experience in terms of flight hours alone does not
equate to aviation weather experience [33]. Understanding the relationship between pilots’
aviation experiences versus aviation weather experiences is crucial. There are very few
regulations that guide aviation weather training protocols, and as a result, aviation weather
training can vary dramatically depending on the flight instructor and pilot preference.
It is important to consider whether the differences in the interpretation scores reported
in this study are due to factors inherent to particular weather phenomena, the display
usability, or other extraneous variables. First, the weather products in this examined in
this study employ two-dimensional (2D) images/symbols to display three-dimensional
(3D) dynamic weather conditions. It may be that certain weather phenomena (such as
turbulence) provide a closer conceptual match to a 2D display than do other products
(such as fog). Another explanation to consider could be the difficulty of weather theory
associated with the weather phenomena. Perhaps icing and the theory underlying icing are
inherently more difficult concepts for pilots to understand as compared with turbulence
and visibility. Lastly, usability of the display design likely plays a role in the current results.
All of the products in this study are graphical in nature, and yet other usability factors may
exist. The difference in scores may be due to varying levels of usability for each product
and not due to weather type or product generation at all. While usability plays a role in all
display interpretation, it is difficult (if even possible) to isolate that variable in the case of
weather product interpretation.
Some limitations of this study exist. First, this study focuses on preflight weather
product interpretation, however, previous research has indicated that automatic dependent
surveillance-broadcast (ADS-B) assists with inflight situational awareness and can facilitate
access to inflight weather updates, therefore, future research should include an assessment
of inflight weather information interpretability. Additionally, the participants were young,
relatively low-hour pilots, which limits the generalizability. Another limitation is the
number of items in the weather product interpretation measure. At the most granular level,
the weather products had four or fewer questions each, which limits the reliability. Future
research should include a more robust set of measures. Further consideration should
also address how to separate out possible effects of product usability from other factors
impacting product interpretability.
5. Conclusions
In summation, the purpose of this study was to compare the interpretability of weather
products for two areas of interest, i.e., product display type (traditional human-in-the-loop
polygons or model-based imagery) and type of weather phenomena (ceiling/visibility,
turbulence, and ice), across a range of pilot experience levels. The results revealed a
combined effect of display type and weather type (F(2, 398) = 31.03, p < 0.001, partial
η2 = 0.14), as well as significant main effects on product interpretation scores for weather
type (F(2, 398) = 77.48, p < 0.001, partial η2 = 0.28) (M visibility = 63.40 and SD = 32.42 and
M icing = 37.77, SD = 16.49) and pilot experience (F(3, 199) = 3.73, p = 0.012, partial η2 = 0.05)
(M student pilots = 47.65, SD = 13.61 and M commercial instrument rated pilots 65.62,
SD = 14.5). These results support the claim there is a very little difference in interpretability
between the selected model-based imagery products and the human-in-the-loop polygon
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products. Future research should expand the investigation of weather product display
types to include the usability factor and inflight weather product interpretability.
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